Electroactive polymer (EAP) actuators, also known as artificial muscles, have remarkable properties such as low energy consumption, low weight, low actuation foot-print, compliance and bio-compatibility. Several methodologies have been proposed to model and analyse their quasi-static bending behaviour with negligible attention paid to their dynamic behaviour. We, therefore, report on an enhanced methodology to model their highly non-linear bending behaviour by treating them as smart and soft robotic manipulators. The methodology consists of an inverse kinematic model and a dynamic model. The proposed methodology accurately estimates the EAP actuator's whole shape deflection using optimization-based inverse kinematic solutions integrated with an electro-mechanical dynamic model. The experimental and numerical results are presented to show the effectiveness of the soft robotic manipulator model in estimating the highly non-linear bending behaviour of the polypyrrole electroactive polymer (PPy-EAP) actuators. The proposed methodology can easily be extended to other bending type actuators and active smart manipulators. 
Introduction
Over the last decade, smart materials such as electroactive polymers (EAPs) have drawn significant attention due to their interesting properties offering the possibility of new actuation and sensing schemes. These properties include low energy consumption, low weight, low actuation foot-print, compliance, noiseless operation, bio-compatibility and the ability to work in both air and aqueous environments. EAPs have a significant potential for building more efficient robotic applications, sensing or actuating devices or a combination of both. A number of potential devices have been articulated by EAPs: microrobotic gripping systems, energy converters, swimming devices, crawling robots, micromanipulators, stiffness regulators, motion converter mechanisms and many more [1] [2] [3] [4] [5] [6] [7] [8] [9] -thanks to their natural muscle-like working principles and their remarkable properties. EAPs, as soft actuators, are especially suitable for biologically-inspired robotics where it is necessary to mimic certain characteristics of natural muscles. For instance, these smart actuators were successfully demonstrated in a swimming robotic fish as artificial muscles powering the caudal fin [4, 5] . EAPs have been used as actuators in this paper and their modelling and characterisation process have been explained by employing a soft robotic manipulator modelling approach.
Since EAPs were proposed as actuators, several methodologies have been presented in the literature in order to analyse and model the EAP actuators' behaviours based on their chemical, electrical and mechanical properties. In most of these studies, the EAP actuators were treated as a cantilever beam to which an electrical stimulus was applied at its fixed end and its output is measured, at its free end. Pei and Inganas [10] used Timoshenko's classical bending beam theory to estimate the bending displacement of the bi-layer polymer actuators. When the EAP actuator is stimulated, this stimulation produces some strain and therefore, a bending along the actuator. The radius of the curvature formed by the EAP actuator is then measured and used to calculate the magnitude of the strain. This approach was adopted by Benslimane et al. [11] , Madden [12] and Alici et al. [13] for tri-layer EAP actuators, however this approach is based on the assumptions of a small strain and constant modulus of elasticity. Alici [14] also applied the classical beam theory, taking non-linear effects into account to estimate the non-linear bending displacements of the PPy-EAP actuators. While these studies focus on the quasi-static bending behaviour of the EAP actuators, they do not consider the dynamic effects. Those studies which rely on quasi-static modelling of an EAP actuator as a http://dx.doi.org/10.1016/j.mechatronics.2014.02.002 0957-4158/Ó 2014 Elsevier Ltd. All rights reserved.
cantilever beam assume that the EAP actuator's elastic properties are constant. EAP actuators, however, are materials which exhibit change in their properties due to a number of reasons: geometric parameters, substrate synthesis conditions, the type of electrolyte used, the molarity of electrolyte used etc. Therefore, an accurate modelling of the EAP actuators is crucial if they are to be employed in advanced applications such as medical devices, microrobots and artificial organs/muscles. As far as the EAP actuators are concerned, there is still a lack of a reasonably accurate dynamic model which not only estimates the tip position but also predicts their whole bending behaviour as a function of time. One can find several methods to model a system dynamically, but in general, two major methods are commonly used: (i) identifying a transfer function based on the system's input/output behaviour or (ii) analysing the dynamics of the system by a mathematical model using the Newton-Euler method, the Lagrangian or the Hamilton formulations based on the system's physics [15] . While the first method is more suitable for modelling single input single output (SISO) systems, the latter is followed in this study on modelling the EAP actuators as a soft robotic manipulator with a hyper degrees-offreedom. It must be noted that we are not proposing to construct a soft serial robotic manipulator made of EAPs, but to model the EAP actuator as a hyper-redundant soft robotic manipulator using this analogy.
Following the configuration estimation of the EAP actuators based on the inverse kinematic model, the electro-mechanical modelling and the dynamic parameter estimation of the EAP actuator are reported. In our previous papers [16, 17] , the inverse kinematic shape estimation process was explained in detail in which the EAP actuator's bending curvatures were estimated by solving the EAP actuator's hyper-redundant inverse kinematic model employing an optimization-based method (we introduced and referred to that optimization-based inverse kinematic solution as AngleOPT: angle optimization). We experimentally validated the proposed electromechanical model which can be employed for (i) identifying the stiffness and damping parameters of an EAP actuator's soft robotic model and (ii) controlling the EAP actuator's whole shape deflection under an electrical stimulus without requiring any position and/or deflection feedback information. We establish the dynamic model and identify its parameters experimentally so that the kinematic and dynamic models can be employed to control the output displacement of the EAP actuators using a feedforward control method which does not require external feedback data. Accurate kinematic and dynamic models are needed to estimate the actuator configuration for a given voltage input so that its positioning ability can be improved without using external sensors. It is not practical to use an internal or external sensor to measure the actuator displacement for feedback control. The ideal solution is to have accurate dynamic models and invert these models to control the displacement output.
The main contributions of this paper are developing an explicit electro-mechanical model for an EAP actuator based on the soft robotic manipulator approach and estimating the whole shape behaviour of the EAP actuator dynamically, rather than estimating only its tip position for a given electrical input dynamically or in quasi-static form, as in the previous studies mentioned above. This study also contributes to understanding the behaviour of the EAP actuator's variable dynamic properties (i.e. variable elasticity) by introducing whole actuator modelling and identifying these variable dynamic parameters. It is not straightforward to analyse and model the kinematic and dynamic behaviours of the cantilevered-type EAP actuators used in this paper as their operation principle based on the electrical, chemical and mechanical parameters is not yet fully understood but the electro-mechanical model developed in this paper contributes a greater understanding of these smart and soft actuators' condition-dependent dynamic properties.
Fabrication and operation principles of multi-layer EAP actuators
In this study, pyrrole monomers are used to fabricate the trilayer laminated EAP actuator's active polymer layers by following a number of steps. First, both sides of a non-conductive porous layer (i.e. polyvinylidene fluoride, PVDF) were sputter coated with gold to prepare a conductive (<20 X) surface for polymerisation. We used lithium triflouromethanesulfonimide (Li.TFSI) as the electrolytic ions. The PVDF layer acts as an electrochemical cell separator and also stores Li The PPy-EAP actuator's operation principle is based on the energy conversion from an electrochemical process to a mechanical output. An electrical input applied to the PPy layers stimulates counter-ions to move in and out of the PPy layers. When the positively charged polymer layer is oxidised, the negatively charged polymer layer is reduced. The TFSI À anions move from the electrolyte into the positively charged PPy layer and an opposite reaction happens in the other PPy layer in order to neutralize the charge in the PPy layers. This ion migration causes a volume expansion in the positively charged PPy layer and a volume contraction in the other PPy layer. This electro-chemo-mechanical process therefore generates a mechanical bending in the PPy-EAP actuator, as illustrated in Fig. 1 .
Kinematic analysis of EAP actuators as soft robotic manipulators
Bending behaviours of the EAP actuators can be analysed using the classical beam theories as they have a cantilevered topology, however the classical beam theories assume that material properties such as elasticity modulus are constant. The modulus of elasticity of the EAP actuators considered in this study depend on the thickness, width and length of the active polymer layers and the separator, the type of salt, the ionic concentration of the salt, the solvent, and the magnitude and frequency of the potential difference applied. Further, the classical beam theories assume that the beam deflection or the displacement output is below 15% of the actuator beam (i.e. actuator) length. As has been previously reported, the cantilevered EAP actuators can generate tip deflections as high as 50% of their length [18, 19] . Because of this, a different methodology must be followed, taking active material properties into account rather than using a constant property assumption, and small actuator output. The electro-mechanical modelling approach we followed in this study will accurately estimate the EAP actuator's highly non-linear bending behaviour and its dynamic parameters. We employ the soft robotic manipulator approach to model and analyse the bending behaviour of the EAP actuators. In our previous papers [16, 17, 20] , we have demonstrated that the soft robotic manipulator approach can accurately estimate the whole shape bending of the PPy-EAP actuators.
The soft robotic manipulator approach assumes that a backbone curve passes through the geometric centres of the discretised cross-sections of the manipulator or the active structure. This approach calculates the soft robot's kinematic configurations in sequence by calculating the curvature change of this backbone curve. Adapting the soft robotic manipulator approach has been reported before for a snake-like robot [21] , an octopus arm [22] and an elephant trunk robot [23, 24] .
Kinematic analysis of a soft robotic manipulator can be accomplished by employing several methods such as mode shape calculation and optimisation methods. Mode shape method is limited to the case in which movements of the soft robotic manipulator are predetermined for certain modes which should be matched by the backbone curvature of the soft robotic manipulator [21, [25] [26] [27] ]. These mode shapes are then incorporated into the forward kinematic model. If the mode shapes which are the kinematic configurations of the soft robotic manipulator are well determined, the mode shape approach can be an effective kinematic analysis method. However, determining these mode shapes can be very problematic depending on the manipulator's configurability and physical constraints. Alternatively, optimisation-based approaches can be employed to calculate the soft robotic actuator/manipulator's backbone from its inverse kinematic model. In this case, the soft robotic actuator is the EAP actuator. Optimisation-based approaches do not require mathematical manipulations, provided that appropriate joint constraints are imposed on the inverse kinematic solutions. We propose to use an optimisation-based approach for which we model the actuator as a hyper-redundant manipulator with serially connected rigid links. The higher the number of the links, the more likely is the configuration correspondence between the real actuator and the hyper-redundant model. With this in mind, we construct an inverse kinematic model of the PPy-EAP actuator and then solve this inverse kinematic model by employing a non-linear constraint optimization method which we call the AngleOPT to estimate all configurations of the actuator throughout its movement under an electrical input. As the thrust of this study is on electro-mechanical modelling of the PPy-EAP actuators, the inverse kinematic model of the PPy-EAP actuator is only briefly presented here. The details of the inverse kinematic model can be found in [16, 17] .
The backbone curve of the PPy-EAP actuator can be defined with respect to the fixed end of the actuator as shown in where l is the length of each discretised section. Each position vector is described relative to the previous Frenet frame. The whole configuration of the EAP actuator can be obtained by integrating its backbone curve over the discretised sections (differential increments, dr if the EAP actuator is modelled as a continuum system) from its fixed end to the free end. 
where r x ðr i ; tÞ, r y (r i ,t) and r z ðr i ; tÞ are the position coordinates of each section of the EAP actuator, t is time, and n is the number of links. It must be noted that the PPy-EAP actuators used in this study operate in the horizontal plane where the kinematic model reduces to 2-dimensional space.
Dynamics of EAP actuators as soft robotic manipulators
Dynamic analysis of the EAP actuator is carried out in two steps: (i) obtaining the EAP actuator's equations of motion and (ii) identifying the dynamic model parameters such as stiffness and damping for each joint in the soft robotic manipulator. The dynamic model with the identified parameters is validated in Section 5.
Dynamic model
The dynamic equations are obtained by employing the discretised Lagrangian formulations [29, 30] . The kinetic energy of the i-th discretised section on the backbone curve can be expressed as Fig. 2 . Configuration of a EAP actuator is defined by its backbone curve, rðrÞ. K i ðh; u; e; tÞ ¼
where m i is the mass and J ihue is the inertia tensor of the discretised section measured from the centre of mass of the section which is described as where n is the number of the discretised sections along the PPy-EAP actuator's dynamic model. The elastic potential energy of the i-th discretised section is given by P bi ðh; u; tÞ ¼
where k hi , k ui and k ei are the stiffness constants for h, u and e rotational generalized coordinates, respectively, which represent the elastic bending behaviour of the i-th discretised section in three dimensional space. The total elastic potential energy is given by P b ðtÞ, X n 1 P bi ðh; u; tÞ ð 12Þ
where P bi ðh; u; tÞ is the elastic energy of the i-th discretised section on the EAP actuator model.The Lagrangian function of dynamic equations is given in the following form [30] LðtÞ ¼ KðtÞ À PðtÞ ð 13Þ
where KðtÞ is the total kinetic energy and PðtÞ is the total potential energy of the EAP actuator. Using the Lagrangian function, the generalised motion equations are obtained from
where q i represents generalized coordinates at each joint which are h, u and e. T i is the torque (internal bending moment) at i-th joint.
Also, i and k indicate the joint number from the base frame and the generalized coordinate at the i-th joint, respectively. b indicates the damping coefficient in the rotational generalized coordinates which consists of three components: b h b u and b e . Bending type EAP actuators receive their operation ability from the volume change in their active polymer layers. The stress field induced by the applied electrical stimulus is responsible for the strain field (volume change) in the active polymer layers. The stress field in the EAP actuators can be described as a mechanical load or pressure as a function of the applied electrical stimulus [7, 8] . This mechanical load as a function of time and input voltage can be obtained by using the blocking force of the EAP actuator [14] , as follows
where L indicates the overall length of the EAP actuator. The negative sign indicates that the mechanical load is in the opposite direction from the measured blocking force. Using the free body diagram for each discretised section of the EAP actuator, the equivalent bending moment applied at each joint is calculated as
where p is given by Eq. (15), l is the length of a discretised section of the EAP actuator. By employing Eq. (14), the equations of motion can be written in a matrix-vector form T ðtÞ ¼ DðqðtÞÞ _ qðtÞ þ HðqðtÞ; _ qðtÞÞ þ CðqðtÞÞ: ð18Þ
It must be noted that the spatial dynamic model of the EAP actuator is represented by rigid discretised sections (links) and spherical joints which have 3-rotational-DoF, h, u and e. Therefore, the EAP actuator's dynamic model consists of n Â 3 nonlinear equations, where n is the number of the discretised sections. The EAP actuator is like a cantilevered beam operating in a 2D plane. This assumption reduces the motion equations from n Â 3 to n Â 1 equations. Also no gravitational force acts on the EAP actuator, since the EAP actuator operates in the horizontal plane.
Dynamic parameter identification
The elastic behaviour of EAP actuators has been studied using classical strain-stress approaches [31] . The constant elasticity modulus of the EAP actuator assumption was also used in previous studies. The EAP actuators are active smart materials which have properties dependent on several factors including electrical input; ion diffusion; the geometry, porosity and conductivity of the active layers; electrolyte conductivity and molarity. It must be noted that a condition-dependent elasticity modulus denotes conditiondependent joint stiffness values. A similar modelling approach can be found in pseudo-rigid body models for flexural beams in compliant mechanisms [32] . Pseudo-rigid body models can be suitable for passive beams with a constant elasticity modulus; however, for active materials like the EAP actuators, there is a lack of data and methodologies to identify the condition-dependent elasticity modulus due to their complex multi-physics operation principle, which is based on a series of electro-chemo-mechanical processes.
In this paper, we use a direct dynamic parameter identification methodology to identify the joint stiffness and damping parameters of the EAP actuators [29, 33, 34] . We employ a non-linear least square estimation method to identify the joint stiffness and damping parameters.
Numerical estimation methods are generally sensitive to input data (experimental joint trajectories). The smoother the joint trajectories of the EAP actuator's soft robotic manipulator model, the more accurate the dynamic parameter identification becomes. Even though the AngleOPT optimization-based inverse kinematic solutions of the EAP actuator's kinematic model are quite reliable for accurate configuration estimation, special attention is necessary to its boundary/constraint(s) in order to obtain smooth inverse kinematic solutions, which are the joint trajectories to be used in the direct dynamic parameter identification process.
For more accurate parameter identification, we propose to use s-curve type harmonic sine and cosine functions fitting to the AngleOPT inverse kinematic solutions,
where A i is amplitude and
is the frequency of the harmonic functions, t i indicates time increment, and DoF indicates the number of degrees of freedom. An example of this type of joint trajectory generation for a 4-DoF soft robotic manipulator is demonstrated in Fig. 3 . The joint trajectories for the 16-DoF soft hyper-redundant model of the PPy-EAP actuator are obtained using the same procedure. The inverse kinematic solutions with Dt = 1 s increments are shown in the same plots.
Using direct dynamic parameter identification, the EAP actuator's dynamic model parameters, which are joint stiffness and damping values, are estimated using the following non-linear least-square formulation;
where W k is the k-th element of the right side of Eq. (18), r is the standard deviation and # represents unknown parameters (joint stiffness and damping values). This optimization problem can be solved using either Newton interior-reflective or Levenberg-Marquardt iterative search methods. Both algorithms can handle large scale non-linear problems.
Experimental validation
In this section, we present the implementation and validation of the kinematic and dynamic models of the EAP actuators. To this aim, we used PPy-based EAP actuators with the dimensions of 20 Â 3 Â 0.17 mm, length, width and thickness, respectively. The actuators are modelled as a soft robotic actuator (the approach is adapted from soft robotic manipulator modelling) consisting of 16 serially connected rigid links with stiffness and damping parameters representing the visco-elasticity of the actuator. It must be noted that the number of degrees of freedom is chosen as 16 for the sake of convenience. Any appropriate high link number can be chosen to model the EAP actuator, however, the computation power required for calculating inverse kinematic shape estimations must be considered while choosing the number of degrees of freedom. After validating the inverse kinematic model solved by the AngleOPT which generates excellent shape correspondence results between the deflections of the real actuator and the 16-DoF soft robotic kinematic model, the dynamic model is built with the joint stiffness and damping parameters. The actuators used in this study were stimulated by electrical inputs ranging from 0.0 V to 1.0 V.
Experimental set-up
The experimental set-up consists of actuation, blocking force measurement and image processing systems. The key elements of the experimental set-up and the electro-mechanical model validation algorithm are depicted in Fig. 4 . The electrical input signals were generated using a SIMULINK program and passed through a USBtype NI-DAQ card (NI USB-6251) to a potentiostat. The electrical inputs were applied to the PPy-EAP actuator using a gold-coated clamp. This was used for two main reasons: (i) gold coating reduces corrosion and electrical resistance on the electrical contacts which are in contact with the electrolyte solution when they are placed on the EAP actuator and (ii) clamping the EAP actuator increases the contact area of the EAP actuator, which enhances the actuation capability. The motion of the PPy-EAP actuators was recorded using a digital camera (Nikon D5100). The videos were recorded at 30 fps, which was sufficient to record the bending motion of the actuators. The actuators were stimulated long enough to cover the total bending range of the PPy-EAP actuator; from its neutral (the actuator is straight and not activated) to its fully charged (maximum bent) state. After recording the actuator's bending motion under different electrical inputs, the tip displacement data was obtained by analysing videos using an image processing algorithm. 
16-DoF dynamic model for the soft robotic manipulator's electromechanical model
The electro-mechanical model (dynamic model and electrical relation to internal bending moments) considers the PPy-EAP actuator as a soft robotic manipulator with 16 rigid links serially connected by flexible and damped joints. This 16-DoF model is employed to identify joint stiffness and damping parameters using the experimental data obtained from the image processing system, data which is at the tip position of the PPy-EAP actuator. These tip positions were used as the inputs to the inverse kinematic model with a gradient-based self-built-constraint approach in order to determine the joint positions of the 16-DoF kinematic model. The gradient-based self-built-constraint approach guides the AngleOPT inverse kinematic shape estimation to find the exact kinematic configuration of the PPy-EAP actuator by applying physical constraints continuously. These joint positions were used to determine the smooth joint trajectories of the actuator using Eqs. (19)- (21) . The analytical joint space method was used for a number of reasons. First, it is an analytical method by which the joint angular velocity and angular accelerations can be directly determined from the mathematical expressions, Eqs. (19)- (21) . Second, this method generates the joint trajectories smoothly and this helps estimate the joint stiffness and damping parameters more precisely using the direct dynamic parameter identification method. The inverse kinematic results corresponding to the joint trajectories of the actuator modelled as a 16-DoF soft robotic manipulator obtained from the AngleOPT algorithm are shown in Figs. 5-9 for electrical inputs from 0.0 V to 1.0 V.
Next, these joint space trajectories are used as the reference trajectories in order to obtain the smoother joint trajectories analytically by employing Eqs. (19)- (21) . The direct dynamic parameter identification method is then employed to estimate the joint stiffness and damping parameters of the PPy-EAP actuator's 16-DoF dynamic model. The joint stiffness and damping parameters are shown in Fig. 10 for the PPy-EAP actuator under electrical inputs: 0.25-1.0 V with a 0.25 V incremental input step at each test. It must be noted that the joint stiffness and damping parameters change with the input voltage. Calculating the stiffness or modulus of the elasticity of smart actuators is a challenging task. With the proposed modelling and parameter estimation method, this can be done effectively.
After identifying the joint stiffness and damping parameters of the PPy-EAP actuator, the electro-mechanical model is further validated using these joint stiffness values and damping parameters. 
Discussion
The proposed methodology employs soft robotic electromechanical modelling in order to estimate the highly non-linear bending behaviour of EAP actuators. The numerical solutions from the model show an excellent correlation with the experimental results. Results suggest that this methodology is quite effective in identifying the dynamic parameters of the EAP actuator's electromechanical model, as well as in estimating the EAP actuator's whole shape variations dynamically under various electrical stimuli. This methodology employs an image processing system in order to obtain tip position data from the EAP actuator which is used in the inverse kinematic shape estimation process of the EAP actuator. The image processing system used in this study does not extract any data regarding the rest of the EAP actuator but only tip position data. Therefore, quantification of estimated results can be performed for tip position error and the quantification of inverse kinematic shapes of the EAP actuator estimated will be a topic of our future research by extending the image processing system in order to obtain the EAP actuator's whole shape data experimentally. Following that the extracted shape data of the EAP actuator will be used to determine imaginary joint positions in the kinematic model. It must be noted that an image is composed of scattered data which cannot be used directly to determine the imaginary joints in the kinematic model. However, these scattered data can be used to obtain a curve representing the configuration of the EAP actuator. This method might not require additional experimental arrangement, but further image analysis of the EAP actuator's motion. Alternatively, an indicator mark (e.g. red colour) can be used to locate the EAP actuator's imaginary joints by placing a coloured mark on the edge of the EAP actuator. Different colours can easily be identified from an image, without requiring further calculations in order to obtain the joint positions from the scattered image data. Even though this method will require some additional experimental arrangement, the extracted joint data can be used directly to quantify the inverse kinematic shape estimations (kinematic states) of the EAP actuator.
The proposed electro-mechanical modelling methodology is sensitive to experimental data measurements as it uses numerical optimization techniques to estimate the joint space positions and dynamic parameters of the PPy-EAP actuator: the smoother the experimental data is, the more accurately joint space and dynamic parameters can be estimated. Smoothing the joint space data with analytical functions, Eqs. (19)- (21), improves the accuracy of the dynamic parameter identification method. Although the results presented in this study were generated to step voltage inputs ranging from 0.0 to 1.0 V, this can easily be extended to other types of inputs. The purpose of using step inputs is to analyse the PPy-EAP actuator's bending capabilities so that enough time and electrical stimulus is given to the actuator in order to let the actuator bend to its maximum bending position. The proposed electro-mechanical model uses the inverse kinematic solutions of the EAP actuator as inputs to calculate the visco-elastic properties of the actuator. Ideally, it would be preferable to calculate the kinematic and dynamic parameters of the actuator for a given input voltage. The input voltage can be included in the EAP actuator's dynamic model as the tip displacement is a function of time and input voltage by following the method described in our previous study [17] .
Conclusion and future work
We have presented an effective methodology to analyse and model a PPy based EAP actuator's dynamic behaviour as a soft robotic manipulator with built-in actuation. This methodology consists of the backbone curve approach in soft robotic manipulators and its dynamic modelling, direct dynamic parameter estimation, and image processing algorithms. The effectiveness of this methodology has been demonstrated for tri-layer laminated PPy-EAP actuators considered as a soft robotic actuator. The proposed method provides not only a reliable tool for estimating the actuator parameters but also solves the EAP actuator's inverse kinematics and dynamics problems in order to find their configurations as they vary over time. The electro-mechanical model presented in this paper improves our understanding of the highly non-linear bending behaviour of EAP actuators under higher electrical inputs (up to $1.0 V). The PPy-EAP actuator's condition-dependent dynamic parameters have also been identified within the electromechanical model and experimental data. Further, the electro-mechanical model estimates the EAP actuator's whole bending behaviour both kinematically and dynamically. This has the potential to be of use in a broad range of applications, including active compliant mechanisms, biomedical applications and bio-inspired micro-robotic devices.
Future work includes validating the proposed modelling and identification methodology for actuators with different geometric parameters (length, width and thickness) and how the actuator parameters, including the modulus of elasticity, change with the geometric parameters. We also plan to evaluate the model for an EAP actuator manipulating a tip load. This methodology will be extended to modelling the dynamic behaviour of the EAP actuators forming 3D configurations so that they generate a configuration emerging out of the fabrication plane -from a 2D configuration to a 3D configuration.
